ABSTRACT The day-to-day variations in epicardial defibrillation threshold (DFT) were examined in closed-chest, unanesthetized dogs. In 11 animals, DFT decreased from 15.8 -+-2.1 J (mean SE) at the beginning of the study (day 1), to 7.4 + 1.7 J on day 2 (p < .0001). DFT measured daily for 5 consecutive days in seven dogs decreased from 22.1 + 3.1 J on day 1 to 9.3 + 2.3 J on day 2 (p < .01) and remained stable from day 2 to day 5. Transcardiac impedance, measured in six dogs, decreased from 112 + 6 Q on day 1 to 100 + 6 Q on day 2 (p = NS). Propranolol given on day 2 in 14 dogs increased DFT from 12.0 + 2.2 to 18.0 ± 3.1 J (p < .05). The effects on DFT of sequential administration of isoproterenol and propranolol were examined in 10 dogs. Isoproterenol decreased DFT from 10. O + 1. 9 to 5.5 + 1. 5 J when given before propranolol (p < .001, n = 10), and from 1 1. 7 -+ 3.0 to 9.7 + 3.1 J when given after propranolol (p < .05, n = 9). Propranolol increased DFT from 10.6 + 3.0 to 14.6 + 3.9 J when given before isoproterenol (p < .02, n = 9), and from 10.7 + 1.4 to 14.4 + 1.5 J when given after isoproterenol (p < .01, n = 10). These experiments demonstrate a sustained cardiac effect of epicardial defibrillation reflected by a decrease in DFT that is partially reversible by propranolol. A similar decrease was produced by /3-adrenergic stimulation, an effect that was partially blocked by propranolol. Thus, variations in the autonomic state of the heart may be an important modulator of cardiac DFT. extends these initial observations to a closed-chest, nonanesthetized preparation, and examines the pattern of DFT measurements repeated daily over several days.
THE DEVELOPMENT of an implantable device for automatic defibrillation of the human heart has spurred research efforts to identify factors that may facilitate or hamper direct ventricular defibrillation. The effects of some antiarrhythmic drugs,' as well as those of myocardial ischemia, metabolic abnormalities, acid base disorders, and ventricular hypertrophy, on defibrillation threshold (DFT) have been studied. 2 Supported in part by a grant-in-aid award from the American Heart Association, Missouri Affiliate, a Buder-Peter Fellowship Award, American Heart Association, St. Louis Chapter, and a Clinical Research grant from Medtronic Inc., Minneapolis. extends these initial observations to a closed-chest, nonanesthetized preparation, and examines the pattern of DFT measurements repeated daily over several days.
Material and methods
Dogs weighing between 11 and 19 kg were anesthetized with 22.5 mg/kg pentobarbital and ventilated with a Harvard respirator using room air. A left thoracotomy was performed on each, and the left ventricular free wall was exposed. A 2.5 cm diameter cupped electrode (Parsonnet Porous Epicardial Electrode) was sutured on the anteroapical surface of the left ventricle, and its cable was extended through the rib cage and tunneled under the skin onto the left infrascapular area. The thoracotomy was closed in layers, the skin was sutured, and the dogs were taken back to their cages. Several days after thoracotomy, and after the dogs' complete recovery from the operation, experiments were begun. Each animal was sedated with 2.25 mg/kg subcutaneous morphine sulfate and placed on a rubber thermal blanket to prevent current leakage. This amount of morphine sulfate produced enough sedation to allow placement of the dogs on their sides, loosely restrained, for the duration of the experiment. The animals, however, were awake, responsive, and did not require respiratory support. Standard electrodes were placed for continuous monitoring of the surface electrocardiogram. The electrocardiographic signals were displayed and recorded on a VR-12 Electronics For Medicine instrument.
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After each animal was given local anesthesia (1 % lidocaine), a jugular vein was isolated and a No. lOF catheter electrode designed for cardioversion and defibrillation (Medtronic No. 6880) was introduced into the central venous circulation. The catheter has two pairs of stainless steel electrodes that have a surface area of 2.5 cm2 per pair. One pair of electrodes is situated near the tip of the catheter (distal pair), and the other pair is located 150 mm proximally (proximal pair). The electrodes of each pair are separated by 5 mm. The distal pair of electrodes was connected to a Medtronic 5325 programmable stimulator, programmed to overdrive the dog's spontaneous rhythm.
The entire length of the catheter, except for its most distal 2 to 3 cm, was kept rigid with a stylus, and the electrode was advanced into the right ventricle with the help of continuous electrocardiographic monitoring. Proper placement of the electrode was accomplished when consistent 1: 1 ventricular pacing with left bundle branch block morphology was achieved with a pulse current delivery of less than 10 mA. The stylus was then removed, the catheter was sutured in place at the jugular level, and the proximal pair of defibrillating electrodes, situated in the superior vena cava, was connected to the defibrillating unit to constitute the anode. Next, a 30 cm, 16 gauge cannula was inserted in the jugular vein, alongside the electrode catheter, and sutured in place for injection of pharmacologic agents. Finally, with the animal given local anesthesia (1% lidocaine), an incision was made in the left infrascapular area, and the proximal end of the epicardial electrode was isolated and connected to the defibrillator to constitute the cathode.
The energy for defibrillation was provided by a custom-built capacitor storage discharge unit capable of delivering calibrated 10 msec, truncated waveforms at measured energies between 1 and 55 J. Frequent verifications of the unit's operating status showed that the accuracy of the delivered energy was within + 5% for shocks up to 30 J. Shocks were delivered between the epicardial electrode and the proximal electrode of the intravascular catheter. Determination of DFT. Twenty seconds after the onset of ventricular fibrillation, attempts to defibrillate were begun. This 20 sec period of ventricular fibrillation resulted in the dogs' complete loss of consciousness, thereby preventing their perception of the shocks. Each attempt consisted of up to three shocks delivered by the epicardial-intravascular system and, if defibrillation was not accomplished, by a transthoracic directcurrent shock, of an energy between 10 and 50 J. The first shock of the very first attempt had an arbitrarily chosen energy of 15 J which was increased in increments of 5 J if ventricular fibrillation persisted. The energy of the shocks delivered on subsequent attempts at defibrillation was chosen according to the results of the previous attempt. When ventricular fibrillation had been successfully terminated by the implanted system, the energy of the first shock of the next attempt was set at a value 3 J below that of the successful shock. Each attempt was followed by 5 min of recovery. By repeating the attempts systematically, a threshold for defibrillation was determined to the nearest joule. Only the first shock of each attempt was considered for threshold determination and, in each case, the lowest effective value was confirmed by a subsequent attempt. Table 1 illustrates the typical steps followed for the determination of DFT.
Measurement of transcardiac impedance. The output of the defibrillator was connected with the two debrillating electrodes in series with a 1 Q precision resistor. The voltages across the animal's heart and the 1 Q resistor (Vout), and across the 1 Q resistor alone (VR) were measured by displaying the waveforms on a storage oscilloscope. The defibrillator and the oscilloscope were both isolated from ground through an isolator-transformer. The impedance of the animal's heart was calculated as:
Vout -1, since I = VR VR 1 Study protocols. The three following groups of experiments were performed.
Group I. Group IA consisted of 11 dogs in which DFT was determined on 2 consecutive days, and seven in which determinations were made daily for 5 consecutive days. Group IB consisted of six additional dogs in which DFT and transcardiac impedance were measured on 2 consecutive days. In addition, the possible influence on DFT of the lidocaine used for local anesthesia was examined by the measurement of the serum lidocaine levels in four of these dogs at the time of baseline DFT determination on day 1.
Group II. In 14 dogs, DFT was measured on 2 consecutive days and, on day 2, after determination of DFT at baseline, 0.2 to 0.6 mg/kg propranolol was administered intravenously over 2 min; the determinations were then repeated, starting 5 min after the end of the injection.
Group III. In 10 dogs DFT was measured before and during sequential intravenous administration of isoproterenol and propranolol hydrochloride. In group IIIA, after baseline determination of DFT, a continuous drip of isoproterenol (4 to 8 gg/min) was begun, and a 50 to 100 gg intravenous bolus was administered. Adequate,B-adrenergic stimulation was considered present when the heart rate had increased by at least 50% above the predrug value. Ventricular fibrillation was reinduced at the time of peak effect, and further attempts to determine DFT were made. When the effect of isoproterenol on heart rate was dissipating, additional 50 to 100,ug boluses were given before the attempts. After the new DFT was determined, the isoproterenol drip was discontinued. Shock attempts were repeated thereafter every 10 to 15 min until return of the DFT to or toward control values. Propranolol, 0.2 to 0.6 mg/kg, was then administered as an intravenous bolus over 2 min. The DFT determinations were repeated, starting 5 min after the end of the injection.
In group IIIB 0.2 to 0.6 mg/kg propranolol was given before isoproterenol. The procedure was otherwise similar to that followed in group IIIA.
Six dogs in group III underwent more than one sequential drug experiment on separate days, and in these dogs the order of drug administration was inverted from one experiment to the next.
Statistical methods. The data were analyzed with the use of the statistical analysis system (SAS) and the Washington University main frame IBM computer system. After giving appro- Results Group I. The mean energy required to defibrillate the heart in group IA was 15.8 + 2. 1 J on the first day, and decreased to 7.4 + 1.7 J on day 2 (p < .0001). DFT decreased from day 1 to day 2 in all 11 dogs (figure 1). In the seven dogs from this group that underwent daily measurements for 5 consecutive days, mean DFT remained stable from the second to the fifth day, while heart rate, measured just before determination of DFT, showed small, nonsignificant changes between day 1 and day 5 (figure 2).
In group IB DFT decreased from 10.3 + 2.5 J on the first day to 2.3 0.7 J on the second day (p < .05), while impedance decreased from 112 + 6 Q on day 1 to 100 6 Q on day 2 (p = NS). Figure 3 illustrates the changes in DFT and in impedance mea-376 sured from day 1 to day 2 in each of the six dogs. The serum lidocaine concentration measured on day 1, at the time of determination of DFT, was less than 2 mg/liter in each of four dogs in which it was measured.
Group II. In this group of dogs, the mean energy required to defibrillate the heart also decreased significantly from 20.7 + 3.1 J on day 1 to 12.0 ± 2.2 J on day 2 (p < .01). When, on day 2, propranolol was given after the baseline determination of DFT, the energy required to defibrillate rose significantly from a mean value of 12.0 + 2.2 to 18.0 + 3.1 J (p < .05, figure 4 ). Group III. The mean DFT before drug intervention was 10.0 ± 1.9 J in group IIIA and 10.6 ± 3.0 J in group IIIB; these values were not statistically different. Figure 5 , A illustrates the results of the experiments in group IIIA: isoproterenol decreased DFT from a mean of 10.0 + 1.9 to 5.5 ± 1.5 J (p < .001).
At a mean of 89 min after the end of isoproterenol infusion, the DFT returned to the control value. After propranolol DFT increased from a mean of 10.7 ± 1.4 to 14.4 ± 1.5 J (p < .01). Figure 5 , B illustrates the results of the experiments with group IIIB: propranolol increased DFT from a mean of 10.6 ± 3.0 to 14.6 + 3.9 J (p < .02). At a mean of 69 min after injection of propranolol, DFT had returned toward the control value. Isoproterenol then decreased DFT from a mean of 11.7 ± 3.0 to 9.7 ± 3.1 J (p < .05). One of our first hypotheses was that, as a result of the first testing period, changes in the autonomic nervous control of the heart took place, specifically intramyocardial release of neurotransmitters, resulting in facilitation of the defibrillation process. Changes in the autonomic activity of the heart after transthoracic defibrillation in anesthetized dogs were described by Pansegrau, Abboud As in our previous series of experiments,5 propranolol increased the DFT when given as a first as well as a second drug. This increase in the energy requirement for defibrillation may not be due solely to the drug's ,/-adrenergic-blocking properties, but may represent, as discussed above, a membrane-stabilizing effect. This possibility is supported by the return of the DFT to control value at a time when /3-blockade was still present as indicated by: (1) a lesser increase in heart rate when isoproterenol was given as a second than when it was given as a first drug, and (2) the smaller A ENi when isoproterenol was given as a second drug than when it was given first, a difference that was of borderline statistical significance. Conversely, A ENp was similar whether propranolol was given first or second, in keeping with the short biological half-life of isoproterenol.
Limitations of the study. Our experiments demonstrated conclusively in the closed-chest unanesthetized dog (1) a sustained cardiac effect of epicardiac defibrillation reflected in a decrease in DFT lasting as long as 24 hr, and (2) the effects of /3-stimulation and /-blockade on the energy required to defibrillate the heart. However, these experiments did not clarify the mechanisms by which these changes were mediated. It is likely that the understanding of such mechanisms will require detailed analysis of the characteristics of ventricular fibrillation before and after /3-adrenergic stimulation and blockade. Furthermore, besides changes in the autonomic control of the heart, other changes at the myocardial level may result from repeated defibrillation and these may explain the durable decrease in DFT noted in the first groups of experiments. These changes may be taking place at the cellular level, or in the interstitial space, enhancing the ability of a directcurrent shock to depolarize a large amount of myocardium. A 
